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Electrical transport in ultrathin Metal-insulator-semiconductor (MIS) tunnel junctions is analyzed
using the temperature dependence of current density and admittance characteristics, as illustrated
by Hg//C12H25 – n Si junctions incorporating n-alkyl molecular layers (1.45 nm thick) covalently
bonded to Si(111). The voltage partition is obtained from J(V, T) characteristics, over eight
decades in current. In the low forward bias regime (0.2–0.4 V) governed by thermionic emission,
the observed linear T-dependence of the effective barrier height, qUEFFðTÞ ¼ qUB þ ðkTÞb0dT,
provides the tunnel barrier attenuation, expðb0dTÞ, with b0¼ 0.93 A˚1 and the thermionic
emission barrier height, UB ¼ 0:53 eV. In the high-forward-bias regime (0.5–2.0 V), the bias
dependence of the tunnel barrier transparency, approximated by a modified Simmons model for a
rectangular tunnel barrier, provides the tunnel barrier height, UT ¼ 0:5 eV; the fitted prefactor
value, G0¼ 1010 X1, is four decades smaller than the theoretical Simmons prefactor for MIM
structures. The density distribution of defects localized at the C12H25 – n Si interface is deduced
from admittance data (low-high frequency method) and from a simulation of the response time
sRðVÞ using Gomila’s model for a non equilibrium tunnel junction. The low density of
electrically active defects near mid-gap (DS< 2 1011 eV1.cm2) indicates a good passivation of
dangling bonds at the dodecyl – n Si (111) interface. VC 2011 American Institute of Physics.
[doi:10.1063/1.3651401]
I. INTRODUCTION
Hybrid semiconductor—organic molecular layers
(OMLs) devices combine the advantages of semiconductor
(SC) technology (doping, processing) and offer wide
opportunities to incorporate molecular functionalities for
bio-sensing and nano-electronics.1–3 The development of
metal-insulator-semiconductor (MIS) junctions with ultra-
thin insulator (dT< 3 nm) has stimulated the study of new
insulating materials, such as high band gap saturated organic
chains which are expected to suppress hopping of charge
carriers within electronic states localized along the
molecule.4
Covalently bound linear saturated (n-alkyl) chains form
robust molecular layers with a high coverage and play the
role of a nanometer-thick tunnel barrier (TB); however,
steric molecular constraints do not allow a full passivation of
Si(111) surface sites which remain subject to post-grafting
oxidation at the ambient.5–7 Electrical transport properties of
hybrid M–OML–SC devices have been widely studied8–19
due to their relatively low density of electrically active
defects at the OML—Si interface.20–23
Analysis of current-voltage (I-V) characteristics of
molecular MIS tunnel junctions (M–OML–SC) is still a con-
troversial topic due to the simultaneous contribution of
different mechanisms (tunneling, thermionic emission (TE),
and generation-recombination) potentially involved in the
transport of electrical charge carriers, in addition to some
influence of series resistance at high current density. Several
methods were proposed to analyze the direct current (dc)
transport properties,8–19 however, most studies were per-
formed only at room temperature. In spite of some efforts to
combine tunneling and thermionic emission transport
through weighting parameters with little physical basis,14,15
there is no clear method to evaluate the contribution of a thin
(dT¼ 12 nm) molecular tunnel barrier in the regime where
both mechanisms contribute to the current. The tunnel
attenuation parameter, b0dT, is usually obtained at room tem-
perature using junctions grafted with variable chain length
(dT); however the structure dependent b
0 values in these
“nominally identical” junctions may be affected by different
coverage or structural ordering.8
In this work, we show that the temperature dependence
of current density, J(V, T), characteristics is crucial to describe
the different mechanisms which contribute to charge transport
through rectifying MIS junctions with a molecular insulator.
In the energy band diagram of a metal–semiconductor system
with a thin interfacial insulator layer, a partition of the dc
applied voltage, V¼VDC, occurs between the tunnel barrier
and the space charge in the semiconductor (Fig. 1). The main
junction parameters are the thickness of the insulator layer
(dT), the work function of the metal (qUM), the electron affin-
ity of the semiconductor (qXSi), the potential drop across the
a)Author to whom correspondence should be addressed. Electronic mail:
christian.godet@univ-rennes1.fr. Present address: EPSI—IPR (Baˆt.
11C—Beaulieu), Universite´ Rennes 1, 35042 Rennes, France.
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interfacial layer (VI), and the surface potential (WS). While all
of the experimental data presented in this work were obtained
using Hg//C12H25 – n Si (111) junctions incorporating densely
packed n-alkyl (C12) molecules, the method to obtain the
voltage partition from J(V, T) is more general and could be
applied to any rectifying tunnel MIS device.
Since a modulation of the applied voltage,
V þ VAC expðjxtÞ, drives a modulation of current through
different parts of the MIS tunnel junction, admittance spec-
troscopy is helpful to discriminate transport mechanisms
with different sensitivities to the ac modulation of the inter-
face potential, WS. Hence, besides J(V, T) measurements in
the T range 243–293 K, the admittance Y(V, T, x) was char-
acterized in a wide frequency range (102 to 107 Hz) in order
to investigate the dynamic characteristics of the tunnel bar-
rier, the space charge region, and the interface traps. In
densely packed monolayers, although the molecules self-
organize through intermolecular van der Waals interactions,
wide bandgap saturated molecules are not expected to be
electrically active; the very small dipolar relaxation effects
in response to an external ac field are beyond the scope of
this paper.
Section II describes the experimental methods, including
photochemical grafting, x-ray photoelectron spectroscopy
(XPS) characterization of OML coverage, spectroscopic
ellipsometry (SE), and dc and ac electrical transport. A spe-
cific sample holder compatible with a Hg electrode has been
developed for this investigation of transport mechanisms at
variable T. Section III reports the current density J(V, T) and
admittance Y(V, T, x) characteristics measured as a function
of temperature, T, angular frequency, x, and dc voltage, V;
here, admittance spectroscopy is used to obtain the flat band
voltage, VFB, the device response time, sR, and the density of
interface electronic states, DS. In Sec. IV, a method is pro-
posed to describe self-consistently the different mechanisms
which contribute to dc charge transport through M–OML–SC
junctions in a wide forward bias range. In the low-forward-
bias regime (0.2–0.4 V) governed by thermionic emission, the
linear T-dependence of the effective barrier height provides
the tunnel barrier attenuation, expðb0dTÞ, and the thermi-
onic emission barrier height, UB. In the high-forward-bias
regime (0.5–2.0 V), the bias dependence of the tunnel barrier
transparency is approximated by a modified Simmons
model24 for a rectangular tunnel barrier; it provides the tunnel
barrier height UT and a prefactor, G0, related to the tunneling
probability. The bias-dependence of the apparent ideality
factor derived from J(V, T) data is discussed in terms of a dis-
tribution of barrier heights. Finally, the density distribution of
defects localized at the C12H25 – n-Si interface is deduced
from admittance data using a non equilibrium tunnel junction
model.25,26
II. EXPERIMENTAL
A. Grafting process
Covalent grafting of linear alkene molecules was per-
formed on hydrogenated Si(111):H surfaces with a low mis-
cut angle (<0.5) using a UV-assisted liquid phase process.
A low-doped n-type Si (1-10 X cm, Siltronix) has been
chosen to obtain rectifying junctions;11,14 however the dop-
ing level should not be too high in order to limit the silicon
oxidation reaction during the liquid phase grafting process.27
Before grafting, the surface of a single side polished
n-type Si(111) substrate was cleaned in successive ultrasonic
baths of acetone (MOS semiconductor grade, Carlo Erba),
ethanol (99.8%, VLSI semiconductor grade), and ultrapure
18.2 MX cm water (Elga Purelab Classic UV, Veolia Water
STI). Organic decontamination was performed in 3:1 v/v
concentrated H2SO4/30% H2O2 at 100
C for 30min, fol-
lowed by copious rinsing with ultrapure water. The surface
was etched at room temperature (15min) with argon-
deaerated 40% aqueous NH4F (semiconductor grade, Riedel-
de-Hae¨n), then rinsed with argon-saturated water and blown
dry with argon.28 This fully hydrogen-passivated Si(111):H
surface is hydrophobic (water contact angle of 84) and free
of C and O contamination, as shown by XPS.
Before the grafting step, liquid alkene was passed
through a neutral, activated alumina column to remove resid-
ual water and peroxides. Si(111):H surfaces were transferred
into a Pyrex Schlenk tube containing ca. 7–8 ml of alkene
reactant, previously deoxygenated at 100C for 2 h. Dodecyl
monolayers were prepared from the photochemical reaction
at 300 nm for 3 h of Si(111):H with 1-dodecene (puriss,
>99%, Fluka).29,30 The covalently modified surface was
rinsed with distilled CH2Cl2, then dipped in hot acetic acid
at 65C (2 20min),31 and dried under an Ar stream before
characterization by XPS, SE, and electrical transport
measurements.
B. X-ray photoelectron spectroscopy
The alkyl molecular coverage (RML) and unintentional sil-
icon oxidation were characterized by XPS after a fewminutes
exposure to the ambient,30 using a Mg Ka (1253.6 eV) anode
source and Omicron HA100 electron energy analyser (1.0 eV
resolution). The thickness, dOML, of the molecular layer immo-
bilized on the Si surface was derived from the attenuation
[Si 2p]grafted/[Si 2p]bare¼ exp(dOML/kOML cosh), with an
FIG. 1. (Color online) Band diagram of the Hg—OML—n Si(111) tunnel
MIS junction under small forward bias.
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inelastic mean free path value kOML ¼ 3.5 nm (for Si2p photo-
electrons) typical of a dense molecular layer.32,33
C. Spectroscopic ellipsometry
SE experiments were performed in the range from 1.0 to
4.7 eV, at an incidence angle of 70, using a Horiba (UVI-
SEL) ellipsometer and analyzed with a multilayer model. To
describe the dielectric function of the OML, an energy
independent refractive index was chosen because no
improvement in the fitting result was found with a dispersion
formula. The optical thickness, dSE, values were derived
using a refractive index nSE¼ 1.48.
D. Electrical transport measurements
Molecularly modified surfaces were probed using a mer-
cury top electrode (contact area S¼ 5 103 cm2) to avoid
electrical shorts through pinholes in the OML. Figure 2
shows the home-made parallel plate Teflon cell, compatible
with Hg, used for current density J(V, T) and admittance
Y(V, T, x) measurements. The top contact to the OML was
taken through a Pt wire and a fresh Hg drop (99.999%
Fluka). An ohmic back contact was made by applying a sil-
ver paste electrode on the scratched Si backside. Dc and ac
transport measurements were performed in a cryostat under
dry nitrogen flow to avoid water condensation and
tominimize surface oxidation during the measurements. J(V)
characteristics were measured in the dark, at several loca-
tions of the fresh device, using a Keithley 6487 picoam-
meter; voltage ramps were progressively increased in the
range 0/þ2 V and 0/4 V, using alternatively positive and
negative polarities.
Admittance measurements were carried out with a fre-
quency response analyzer (Alpha-A High Resolution mea-
surement system, Novocontrol Technologies). The sample
holder was inserted in a two terminal active cell with the im-
pedance converter mounted directly above the sample. Since
no VAC-dependence was observed in the range 0.1-20 mV,
the ac voltage amplitude was set at VAC¼ 10 mV. Experi-
ments were carried out in two runs: a voltage sweep (waiting
time 0.3 s/step 25 mV) and a frequency sweep (13 points per
decade in the range 1 102 Hz to 1 107 Hz), to study the
measured complex admittance, Y(V, T, x)¼Gmþ jxCm,
against voltage, V, and frequency, x/2p. The Teflon cell ca-
pacitance (CPAR¼ 4.5 pF) was subtracted to obtain Cm.
High frequency and high forward bias admittance data
were corrected for the series resistance, RS, due to bulk Si
and back contact resistance. At each temperature, RS can be
derived either from a full analysis of J(VDC) (Sec. IV B) or
from the high frequency value of the real part of the imped-
ance, RS¼Gm/(Gm2þx2Cm2 ).34 This RS-correction does not
affect the interface density of states or flat band voltage anal-
ysis and it decreases the response time by a factor of less
than 2.
III. RESULTS
In this study, no SiO2 component could be observed
near 103 eV on Si2p spectra taken at a¼ 45 immediately af-
ter dodecyl grafting. The optical thickness dSE¼ 1.45 nm and
the molecular coverage RML¼ 2.3 1014 cm2 (Table I)
both indicate grafting of a rather dense C12 monolayer. Cur-
rent density J(V, T) and admittance Y(V, T, x) characteristics
of Hg//C12H25 – n Si(111) junctions are reported in their as-
grafted state. The hypothesis and methods used to derive the
applied voltage partition, barrier heights, response times sR,
and energy distribution of interface states DSðEC  ETÞ, are
described below.
A. Dc current density
Direct current characteristics J(V, T) of Hg//C12H25 – n-
Si junctions show a strong rectification which increases with
decreasing temperature (Fig. 3). The forward (reverse) re-
gime is obtained for a positive (negative) voltage applied on
Hg. The rectification ratio R¼ JFWD(V)/JREV(V) values at
61 Volt is larger than 106, being essentially limited by RS in
the forward regime (V> 1.5 V).
At low forward bias (0<V< 0.4 Volt), an exponential
J(V) dependence is observed for all temperatures. The ideality
factor (n ¼ 1:45) which describes this slope is similar to
previous molecular—n Si junctions.10,11 As discussed in Sec.
IV B, these results will be described by a TE mechanism. At
high forward bias (V> 0.6 V), saturation in J(V) and weak
temperature dependence of J(T) indicate that the current
becomes limited either by the TB or by some contact resist-
ance, rather than by the TE barrier inside the semiconductor.
This behavior is typical of rectifying MIS tunnel junctions
obtained previously with Hg//OML – n type Si.10–12,14
In the reverse bias range, Fig. 3 shows that the current
depends strongly on temperature with an apparent activation
energy EACT(JREV)  0.586 0.05 eV. For this oxide-free
junction, the reverse current density J(V) is remarkably flat,
in contrast with oxidized interfaces (not shown) where a
larger slope is attributed to Si-SiOx interface states. The bias
dependence of the reverse current is discussed in Sec. IV C.
B. Admittance measurements
Complex admittance Y*(x)¼Gþ jx C (for a parallel
R-C circuit) as a function of the angular frequency, x¼ 2p f,
may be analyzed using related complex formalisms: the im-
pedance Z*¼ Y*1, the permittivity e*, and the modulus
M*¼ (e*)1. In this work, we will use the capacitance C(V)
to obtain the flat band voltage, the modulus M(x) to derive
FIG. 2. (Color online) Parallel plate sample holder for transport measure-
ments. The top contact to the OML is taken through the vertical Pt wire and
the 0.8 mm diameter Hg drop (black) while the Si backside is contacted with
Ag paste. The empty Teflon cell (grey part) contributes to a parasitic capaci-
tance CPAR¼ 4.5 pF.
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the junction response time, sR ¼ ðC=GÞ, and the capacitance
C(x) to estimate the density of interface states, DS.
A first evaluation of the quality of the Hg//C12H25 – n-Si
junction is given by the capacitance hysteresis in a cyclic
voltage scan. A typical C(V) scan, with 25 mV step and 0.3 s
waiting time, was obtained from 0 V to 4 V (depletion) to
þ0.8 V (accumulation near flat band conditions) to 0 V.
Immediately after grafting, Figure 4(a) does not show detect-
able hysteresis at any frequency (from 102 Hz to 106 Hz). It
has also been checked that the range of V bias applied to the
device does not change irreversibly the admittance character-
istics; the shift of the flat band voltage remains smaller than
0.1 eV after forward biasing at V¼þ1 V (J¼ 0.05 A.cm2)
for 30 s.
As shown in Fig. 4(a), the capacitance at reverse bias
(V< 0 V) is low, CREV¼ 10-20 pF (2-4 nF.cm2), at all fre-
quencies, showing the formation of a depletion layer. It has
been suggested that an inversion layer does not form because
the hole tunnelling time is expected to be shorter than the
generation-recombination time.36 In weak depletion (þ0.2
V<V<þ0.7 V), C(V) data reveal a strong frequency de-
pendence which indicates the additional contribution of
interface states at lower frequencies; in the equivalent circuit
(inset Fig. 4(a)), they correspond to a parallel (RIT//CIT)
component. The measured low frequency capacitance in the
forward bias range is larger than the geometric capacitance
value of the molecular insulator, CI¼ 9 nF, expected from
dSE¼ 1.45 nm, S¼ 5 103 cm2, and eI¼ 3 (Ref. 10); this
result is specific of ultrathin tunnel MIS junctions (low RT
value of the tunnel barrier in the equivalent circuit, inset
Fig. 4(a)), as discussed in Sec. IV D.
The Mott-Schottky plot (Fig. 4(b)) of the Hg//C12H25 –
n Si junction shows a linear dependence of C2 vs V, as
expected when the space charge layer capacitance is much
smaller than the insulator capacitance CI (Eq. (3)). The
V-axis intercept at high frequency (1 MHz and 100 kHz)
yields the flat band voltage value, VFB¼ 0.686 0.03 V. This
value is consistent with previous results.10,12,16 The doping
density, ND¼ 1.56 0.5 1014 cm3, provides the position of
the bulk Fermi level, ðECEFBÞ ¼ qVN ¼ kTLnðNC=NDÞ
¼ 0.306 eV at 293 K (0.252 eV at 243 K), where
NC(cm
3)¼ 2.8 1019 (T/300)1/2 is the effective density of
states in the Si conduction band. In Sec. IV B, the barrier
qUCB , derived from VFB, will be compared with qU
J
B, derived
from UEFF(T) in dc transport.
For a parallel R-C circuit, the response time,
sR ¼ ðC=GÞ, is the ratio of the capacitance to the conduct-
ance; sR ¼ x1MAX is the inverse angular frequency at the
FIG. 3. (Color online) Temperature dependence of current density J(V)
characteristics (Hg//C12H25 – n-Si junction) in the range 243-293 K (step 10
K). Inset: effective barrier height, UEFFðTÞ, derived in the forward bias
0.1-0.3 V range.
TABLE I. Optical thickness dSE (SE) and molecular coverage RML (XPS) of the C12H25 molecular layer. Electrical characteristics of the Hg//C12H25 – n Si
junction: ideality factor, n, effective barrier height, UEFF (293 K), attenuation parameter, b
0dT, flat band voltage, VFB, interface density of states, DS, and
response time sR (293 K).
SE XPS J(V, T) Y(x,V, T)
OML dSE (nm) RML (10
14 cm2) n UEFF (eV) b
0dT VFB (V) DS (10
11 cm2eV1) sR (s)
nSi-C12 1.45 2.3 1.45 0.87 13.5 þ0.68 0.1–2.0 1 107–0.3
FIG. 4. (Color online) Frequency dependence of the measured capacitance
of a Hg//C12H25 – n-Si junction at T¼ 253 K: (a) CmðVÞ from 100 Hz to 1
MHz showing the absence of hysteresis and (b) Mott-Schottky plot
(C2m vs VÞ giving the flat band voltage.
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maximum of Z00(x) (not shown) or M00(x) plots (Fig. 5(b)).
Figure 5(a) shows that the response time of the Hg//C12H25 –
n-Si junction covers more than eight decades, with an expo-
nential sRðVÞ dependence, sR ¼ sR expðqV=nRkTÞ, in the
same range as the exponential J(V) plot. It is found that
nR ¼ 1:45 for all temperatures; within experimental errors,
this value is equal to the ideality factor, n, of the J(V) plot.
At 293 K, a clear saturation of sR  0:3s is observed in the
reverse bias regime. This saturation value increases strongly
with decreasing T with an activated behavior; an Arrhenius
plot sR¼ s0RexpðEACT=kTÞ provides EACT¼ 0.54 eV and
s0R¼ 1.5 1010 s (Fig. 5(a), inset). In contrast, the T de-
pendence of sR vanishes as the junction is biased near the flat
band voltage, VFB¼ 0.68 V, where extremely small response
time values (sR  100 ns) are obtained (Fig. 5(a)).
IV. DATA ANALYSIS AND DISCUSSION
The band diagram of the tunnel MIS junction (Fig. 1) is
briefly described in order to analyze the dc and ac transport
characteristics, in relation with the voltage drop on the
insulator and the density of states at the molecular insulator/
SC interface.
A. Band diagram of the tunnel MIS diode
For a given applied voltage bias, V, applied to the metal,
the admittance and the current density characteristics refer to
the same distribution of potential profile defined by the con-
dition of a uniform dc current density across the junction and
Gauss law for the distribution of charges in the space charge
region (QSC) and at the interface traps (QS). In the tunnel
MIS diode band diagram, the actual barrier height (U) may
differ from the built-in potential because of the change in
potential across the molecular layer (VI) due to molecular
capacitive effects and change in potential across the first few
atomic layers at the Si surface due to interface charge (QS).
This interface charge density, positive or negative, influences
the unequal distribution of the applied bias, V, between the
semiconductor and the insulating layer.
The junction is defined by the metal work function
(qUM), the electron affinity (qXSi) and band gap (EG) of
silicon, the bulk Fermi level position (EFB) relative to the
conduction band, qVN ¼ ECBEFB, and the interface band
bending, qWSðVÞ ¼ ECSðVÞECB (positive for reverse bias,
V < VFB, and n-type Si). An effective electron affinity
ðqXSiÞEFF may result from dipoles at the OML-Si interface
after grafting. Using Gauss law and assuming that the equi-
librium potentials are not significantly modified by the large
current density through the device, the potential drop across
the insulator is represented by
VIðVÞ¼ðUMXSiÞEFFWSðVÞVNV¼
dT
eI
ðQSþQSCÞ; (1)
where eI is the permittivity of the insulator. For a reverse bi-
ased junction, the capacitance of the depletion layer,
CSC ¼ dQSCdw ¼ e0eS=w, is modelled by a parallel-plate capaci-
tor with thickness equal to the depletion width w ¼ ð2e0eSWS=
qNDÞ1=2: QSC ¼ qNDw ¼ ð2qe0eSNDWSÞ1=2 where eS is the
permittivity of silicon. For the low-doped Si used in this work,
the space charge density QSCðVÞ is comparable to QSðVÞ if DS
 2 1010 cm2 eV1. Hence, VI is positive in the reverse
bias regime (V< 0, Q  QSC > 0) and VI is negative in the
forward bias regime near the flat band voltage (V  VFB,
Q  QS < 0). Setting ðdWS=dVÞ ¼  1=n, the barrier height
(Fig. 1) is given by
UB ¼ WSðVÞ þ V þ kT=qþ VN; (2a)
U
C
B ¼ ð1=nÞVFB þ VN; (2b)
where the applied voltage, VFB, at flat bands (WSðVFBÞ ¼ 0)
is obtained from the V-axis intercept in the Mott-Schottky
plot of C2 vs V (Fig. 4(b)) using
1
C2
¼  2ðqV  qVFB  kTÞ
qe0eSNDS2
: (3)
In the reverse bias regime, occupied interface states near the
surface Fermi level are localized deeply below the semicon-
ductor conduction band and are more likely in equilibrium
with the metal Fermi energy. Hence, as a result of a distribu-
tion of interface states in space and in energy, one may con-
sider that a fraction (DSA) is in equilibrium with the metal
and a fraction (DSB) is in equilibrium with the semiconduc-
tor.37 Equation (2) gives
FIG. 5. (Color online) (a) V-dependence of the junction response time, sR.
Inset: Arrhenius plot of sR in the reverse bias regime (0.8 V). (b) Modulus
M00 vs (x/2p) plot at 293 K.
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a ¼ n 1 ¼ ðeS=wÞ þ qDSBðeI=dTÞ þ qDSA ; (4)
showing that the ideality factor is expected to increase
(decrease) as DSB (DSA) increases. In reverse bias, n  1
since eIdT  eSw and DSB can be neglected, while in
forward bias n 1 ¼ qDSBðeI=dTÞþqDSA  qDSBdT=eI. For large
current densities (non-equilibrium condition), a more realis-
tic model using coupled kinetic equations predicts a similar
behaviour for n(V).25
These models assume homogeneous interface proper-
ties; they qualitatively match the experimental bias depend-
ence of the apparent ideality factor, n(V), in the Hg//C12H25
– n Si junction as shown in Fig. 6(a) where (q/n(V) kT) was
obtained from a derivation of Ln[J(V)/(1–exp(qV/kT))] vs
V. Interestingly, n is equal to unity in the reverse bias regime,
independent of temperature, and it increases steadily in the
forward bias range until a plateau value is reached in the
range 0.2<V< 0.4 Volt. As expected, the plateau value in
n(V) is equal to the average inverse slope nAV (arrow in Fig.
6(a)) obtained in the exponential regimes of Ln J(V) (Fig. 3)
and LnsR(V) (Fig. 5(a)). In contrast with the sharp transition
in the calculated n(V),25 a broad transition region is obtained
in the experimental n(V); this broadening can be tentatively
attributed to a distribution of effective barrier heights due to
local potential fluctuations (dipoles or charged defects).
The stronger oscillation in n(V) which appears at lower T
(Fig. 6(a)) is consistent with a larger relative contribution of
low barrier patches in the junction.38–40
The effective barrier height qUEFFðVÞ was derived in
the TE approximation using n(V) and Eqs. (5) and (6). The
T-dependence of qUEFF will be discussed in Sec. IV B
(Eq. (6)). At a given T value, the variations in qUEFFðVÞ are
small in reverse bias and moderate forward bias (V<þ0.3 V).
At higher forward bias, n(V) and UEFFðVÞ depart from their
plateau value because a large fraction of the applied bias is
dropped on the insulator and a full analysis of the voltage par-
tition is required.
B. Analysis of the forward current density
In this section, the voltage partition of the Hg//C12H25 –
n Si junction is derived in the forward bias regime. The ex-
ponential J(V) at low forward bias (0.1<V< 0.4 Volt) is
described by a thermionic emission mechanism above the
barrier UB. For a Schottky barrier at a semiconductor metal-
interface,39,41 with a barrier height, UB, and ideality factor,
n, the current is
IðVÞ ¼ AST2expðb0dTÞexpðqUB=kTÞ expðqV=nkTÞ
 1 expðqV=kTÞ½ ; (5)
where the tunnel barrier transparency expðb0dTÞ has been
included; A* is the Richardson constant (A*¼ 112
A.cm2.K2 for n-type Si), q the electron charge, k the
Boltzmann constant, T the temperature, and S the Hg drop
contact area. In the interfacial layer—thermionic—diffusion
model of Wu,42 a quasi-Fermi potential UnðxÞ associated to
the current flow has been introduced along with the thermal
velocity ðVRÞ and an effective diffusion velocity ðVDÞ; for
large b0dT values (which is the case with b
0dT ¼ 13:5 for
the C12 barrier in this work), expðb0dTÞ 	 ðVD=VRÞ, hence
JðVÞ reduces to the interfacial layer—thermionic model
(Eq. (5)).43
The slope of LnJ vs V gives the ideality factor value,
n¼ 1.45 at 293 K increasing towards n  2 at lower tempera-
tures. As in Schottky devices, a LnðIS=T2Þ vs 1=T plot is
linear (not shown); the slope gives a barrier height
qUJB¼ 0.536 0.02 eV. However, the observed value of the y-
axis intercept is smaller than the (A*S) product by a factor of
103 to 104. In previous works, similar discrepancies were attrib-
uted either to barrier height inhomogeneities in Au-OML-n-Si
diodes18 or to pinholes in Au—alkylthiol—Au systems.13 Such
hypothesis are not necessary; here, we assume that the effective
transport area is equal to the geometrical contact area, S, and
that the saturation current, Is ¼ AST2 expðb0TdTÞ
exp  qUJB
kT
 
, is attenuated by the tunnel barrier transparency
factor, expðb0dTÞ, seen by electrons injected above the TE
barrier. In this regime, since the voltage drop over the tunnel
barrier is small (VTU 	 V as shown in Fig. 7(b)), we can
assume that b is independent of applied bias (bðVÞ  b0).
Therefore, the effective barrier height is
qUEFF ¼ qUJB þ kTb0dT; (6)
FIG. 6. (Color online) Ideality factor n(V) and effective barrier height
UEFFðVÞ derived from J(V) at 293 K, 283 K, 273 K, and 263 K, using Eq. (5).
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where b0 ¼ 2 2mUT=h2
 1
2 is the inverse attenuation length
at zero applied bias, h the reduced Planck’s constant, and m*
the effective mass of electrical carriers in the OML. Indeed,
a plot of the effective barrier height vs temperature (inset of
Fig. 3) shows a linear UEFFðTÞ variation. Note that the posi-
tive slope obtained in UEFFðTÞ plots, in the 243-293 K range,
cannot be explained by the small variations of Si band gap
dEG=dT ¼ 2:4 104 eV:K1 [Ref. 44] and electron affin-
ity dv=dT  þ 1 104 eV:K1 [Ref. 45] which would
both produce a small negative slope.
The y-axis intercept is the semiconductor barrier height,
qUJB  0.536 0.05 eV and the slope provides the tunnel
attenuation factor, b0dT ¼ 13:560:2, of the C12 junction (Ta-
ble I). Using the optical OML thickness (dT¼ 1.45 nm) and
neglecting image force effects, we obtain b0¼ 0.936 0.06
A˚1; this value is consistent with b  0.876 0.1 A˚1 in
Hg-alkanethiol-Ag junctions46 but it is slightly higher than
b0  0.65 A˚1 in junctions with a covalent Si-C bonded inter-
face on n-type Si.11 This physical value of b0 justifies a poste-
riori the hypothesis made in the derivation of UEFF (Eq. (6)).
In the literature, most previous values of the tunnel
attenuation factor were obtained at room temperature using
junctions grafted with variable chain length (dT); since the
structure dependent b0 values in these “nominally identical”
junctions may be affected by different coverage and different
structural ordering,8 we believe that b0 values derived from
the temperature dependence of J(V) in rectifying devices are
more reliable than those derived from the length dependence
analysis.
In a second step, we study the current-voltage character-
istics in the forward bias regime up to 2 V. The knee observed
at V  0.5 V cannot be solely explained by a limitation due to
the series resistance. In the bias range 0.5–1.5 V, since the re-
sistance of the forward biased Schottky barrier vanishes, tun-
neling through the Hg-OML-n-Si junction should be the
limiting transport mechanism.7,8,11 To model self-consistently
the current density J(V), we assume that the current is con-
stant throughout the junction and that the applied voltage, V,
is the sum of potential drops on different parts of the device
connected in series, V¼VTE þ VTU þ VS. Here, the role of
interface states is included in the ideality factor, n. The poten-
tial drop on the tunnel barrier, VTU, is related to the current
density according to the Simmons model,24 often used to
describe transport through molecular junctions
J VTUð Þ ¼ G0
d2T
UT  VTU
2
 
exp b0dT 1 VTU
2UT
 1
2
" #(
 UT þ VTU
2
 
exp b0dT 1þ VTU
2UT
 1
2
" #)
; (7)
where G0 is related to the charge density availability for tun-
neling from the metal or from the semiconductor. In the orig-
inal Simmons work for metal–insulator–metal (MIM) tunnel
junctions, G0¼ 6.2 106 X1 (here, J is in A.cm2, dT in
cm, and UT in Volt). The potential drop, VTE ¼ nUEFF
þðnkT=qÞLn J Vð Þ=A  T2½ , responsible for changes in the
thermionic emission barrier is derived from Eq. (5) and the
voltage drop due to series resistance is VS ¼ RSJ Vð ÞS.
Using UEFF and n values fitted in the low bias regime
(where VTU  VS  0) and b0dT value as fixed parameters,
fitting a J(V) characteristic with (G0, UT, RS) as adjustable
parameters is performed in a wide range of forward applied
bias (typically 0.3–2 V). In practice, starting from guess pa-
rameters (G0, UT, RS) and an arbitrary set of VTU values, the
corresponding JTU ¼ JCALC values are obtained using Eq.
(7), and VTEðJCALCÞ and VSðJCALCÞvalues are further
derived. The excellent fit quality, over a current variation of
eight decades, is also observed in G(V)¼ dJ/dV and in the
normalized differential conductance (dLnJ/dLnV)17 (inset in
Fig. 7(a)). Fitting parameters (G0, UT) of the Hg//C12H25 – n
Si junction are summarized in Table I; they are found to be
weakly dependent on temperature, e.g., for six fitting runs of
J(V, T) data at different temperatures (243-293 K) with fixed
b0dT ¼ 13:5, the fitted G0 values vary randomly within a
factor of 2.2 and UT ¼ 0:5160:02eV. In this T range, RSðTÞ
decreases from 350 X to 200 X.
Interestingly, G0¼ 2.5 1010 X1 is four decades
smaller than the G0 value (6.2 106 X1) in the original
Simmons model for a tunnel barrier between metal electro-
des. It has been emphasized that some strong assumptions
FIG. 7. (Color online) (a) Analysis of J(V) for the Hg//C12H25 – n-Si junc-
tion (293 K) showing the voltage drop on the tunnel barrier (VTU-J), the
thermionic emission contribution (VTE-J),and the series resistance voltage
drop (VS-J). The fit quality is illustrated by LnG and NDC¼ dLnJ/dLnV vs
V plots (inset). (b) Applied voltage partition V¼VTE þ VTU þ VS in the for-
ward regime.
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of the Simmons model, such as the definition of equal lon-
gitudinal and transverse effective masses is probably wrong
in anisotropic alkyl monolayers.19 Since the current flows
through identical molecules with little cross-talk between
them, this should translate into a large mT value for trans-
port across the molecules and a lower mL value for transport
along the backbone. However, the modified Simmons equa-
tion in Ref. 19 gives a higher prefactor value which cannot
explain our fitted G0 value. Alternatively, relatively few
metal states may be available for the conduction band elec-
trons in the semiconductor, as a consequence of selection
rules based on energy-conservation and transverse momen-
tum conservation in the tunnel transition.47,48
In addition, the fitted tunnel barrier height,
UT ¼ 0:51 eV, is quite low; this might be a consequence of
the image charge effect, which tends to round the corners of
the rectangular barrier, reducing both the barrier height
and the effective thickness of the barrier.49 However, inclu-
sion of this additional parameter in a transport model would
require an independent determination of the molecular layer
dielectric permittivity, which is beyond the scope of this
paper.
Although other limitations of the Simmons model have
been considered,13 along with the possible breakdown of the
Wentzel-Kramers-Brillouin (WKB) approximation for ultra
thin tunnel barriers,50 the interest of Eq. (7) in this work is
that it basically captures the physics of the rectangular tunnel
barrier, namely the decrease of the average barrier height
with bias VTU applied on the tunnel barrier, in a closed-form
expression with a limited number of parameters.
Figure 7(b) shows the voltage partition between the tun-
nel barrier, the TE barrier, and the series resistance. The onset
of VTU occurs near V¼ 0.4 V, which is consistent with the
n(V) plot (Fig. 6(a)). In the TB limited regime, near flat band
voltage, the applied bias is shared between the tunnel barrier
and the thermionic emission barrier. The effective value,
ðUM  XSiÞEFF, including the effect of interface Si-C dipoles
is deduced from this voltage partition. At the flat band voltage,
VFB¼ 0.68 V and the voltage drop over the insulator
VTU ¼ VI¼ 0.18 V (Figure 7(b)). Using VN¼ 0.30 V at
293 K, ðUM  XSiÞEFF¼ 0.80 eV is deduced from Eq. (1); this
experimental value is larger than the ideal value
ðqUM  qXSiÞ¼ 0.44 eV, where qUM is the metal work func-
tion (4.49 eV for Hg) and qXSi is the electron affinity of Si
(4.05 eV). This difference (0.36 eV) corresponds to a decrease
of the effective XSi value; it is consistent with the formation
of molecular dipoles at the interface, as observed using syn-
chrotron photoemission.51
In summary, the barrier height UCB ¼ ð1=nÞVFB
þVN¼ 0.776 0.03 eV (Eq. 2(b)) is derived from the Mott-
Schottky plot of the capacitance. The latter value of UCB is
larger than the value, UJB¼ 0.536 0.02 V, derived from the
temperature dependence of J(V, T) in the forward bias re-
gime (Eq. (5)). Again, this discrepancy supports the
assumption made in the interpretation of experimental n(V)
results, namely the existence of a distribution of barrier
heights38–40 due to surface potential fluctuations arising
from some inhomogeneous distribution of dipoles or
charged defects.
C. Analysis of the reverse bias regime
On the basis of dc transport in Hg//alkyl – n Si junctions
with variable alkyl molecule length, showing that the reverse
bias regime is basically independent of the molecular layer,16
it has been argued previously that transport isminority
carrier controlled for reverse bias and low forward bias.
In this work, several reverse bias characteristics support a
generation recombination (GR) mechanism: (a) the saturation
current JREVð293KÞ ¼ 4 108A:cm2 in this C12 junction is
identical to Ref. 16 and consistent with a generation recombi-
nation current JGR ¼ 2 108A:cm2 expected from the GR
model35,41 where JGR ¼ qwMAX nis0, s0 is the recombination life-
time in the depletion region (s0¼ 105 s in Czochralski
silicon52,53), ni the intrinsic carrier density (ni 1010 cm3 at
293 K), and wMAX (104 cm) the maximum width of the
depletion region. (b) the response time sR¼ 0.3 s deduced
from admittance data at 293 K is close to the theoretical value,
sR ¼ 0:1 s, of theminority carrier response time34
sR  1ﬃﬃ2p NDni s0, estimated using the dopant density
ND¼ 1.5 1014 cm3. (c) both EACTðsREVÞ¼ 0.546 0.02 eV
and EACT(JREV)  0.586 0.05 eV are close to half the
Si bandgap (EG=2), as expected from the activated behaviour
of ni.
However, the bias dependence of the reverse current is
not consistent with the exponent 1/2 expected for a
generation-recombination current.35 Experimental JREV data
analysis with a log JREV vs log (VFB  V) plot, using the flat
band voltage derived from the Mott-Schottky plot, reveals an
Ohmic behavior (the slope is 1.06 0.1, not shown) for all
bias values (V>2 V) at low temperatures (243263 K)
and for moderate reverse bias (V>1 V) at higher tempera-
tures (283 K).
D. Distribution of interface states
The ac response of interface traps due to the modulation
of their average occupation is described by a parallel capaci-
tance—resistance circuit in parallel with the space charge
layer capacitance (inset of Fig. 4(a)). The energy distribution
of the density of interface states, DSðEC  ETÞ, in the upper
half of the band gap can be derived from either the capaci-
tance or the conductance parts of the admittance. In the latter
case, for Hg//C12H25 –n-Si(111) junctions, the low frequency
conductance masks the response of electrically active inter-
face defects; after subtraction of this dc conductance, a broad
maximum is observed in a ðG=xÞ vs ðx=2pÞ plot. Similarly,
a step appears in CðxÞ and occurs at the same frequency,
ðxMAX=2pÞ. With increasing forward bias, as the surface
Fermi level approaches the SC conduction band, xMAX shifts
towards higher values (not shown) as expected for carriers
emitted from interface traps (at ET ¼ EFS) to the conduction
band.
Alternatively, DSðEC  ETÞ can be obtained from the low-
high frequency capacitance response, DS ¼ ðCLF  CHFÞ=qS;
this approximation holds because the insulator capacitance, CI,
is very large.34 Using C(V) plots of the Hg//C12H25 – n Si junc-
tion at 100 Hz and 1 MHz. respectively, this method is sensitive
to traps with ðxMAX=2pÞ located within this frequency
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window. The trap depth (at ET ¼ EFS) is derived from Eq.
(1): ðEC  ETÞ=q ¼ WSðVÞ þ VN ¼ ðUMXSiÞEFF þ VTUV
using V  VTU  VTE given in Figure 7(b) and ðUM  XSiÞEFF
¼ 0.77 eV.
Figure 7 shows that the density of interface states
increases as the interface Fermi level approaches the conduc-
tion band, from DS  1 1010 eV1.cm2 near mid-gap to
7 1012 eV1 cm2 at EC–0.30 eV (corresponding to VFB at
293 K). This low interface states density, DS< 10
11 eV1
cm2, near midgap indicates a good passivation of dangling
bonds at the dodecyl n-Si interface, which is better than the
values (DS  4 1011 eV1 cm2) reported previously for
octadecyl n-Si junctions.23
The validity of DS values obtained at forward bias near
flat bands should be taken with care. We have observed (Fig.
4(a)) that the measured low frequency capacitance is larger
than the expected capacitance value of the molecular insula-
tor, CI¼ 9 nF. Hence, DS values derived from the low-high
frequency method (triangles in Fig. 8) are overestimated for
large dc currents in thin tunnel MIS junctions. To estimate
the magnitude of such dc current effect, we have used a
model proposed by Gomila26 who considered coupled ki-
netic equations for the charge exchange between the inter-
face states, the metal and the semiconductor in a tunnel MIS
junction. The conductance G and capacitance C were com-
puted in the forward bias regime (using Eqs. (20) and (21) in
Ref. 26) at low frequency (100 Hz) and with a small value of
the microscopic time constant of the traps (s ¼ 107s); in
this preliminary study, we find that the dependence of the
response time sCALCR vs bias is very sensitive to the DS value.
Figure 9 simulations were obtained with variable DS values,
using experimental JðVÞ data at 293 K (Fig. 3), and assum-
ing CI¼ 9 nF and CSC¼ 10 pF. The results show that the
magnitude of DS does not exceed 2 1011 eV1.cm2.
Hence, the exponential increase in DSðEC  ETÞ near the
conduction band shown in Fig. 8 is an artefact due to the
large dc current density. In contrast, the calculations using
the Gomila–Rubi model confirm the validity of DSvalues
(DS< 2 1011 eV1 cm2) near mid-gap.
The electrically active interface states near midgap are
tentatively attributed to dangling bonds at surface Si atoms.
Due to sterical constraints, the density of surface sites which
are not grafted with C12H25 molecules is larger than 4 1014
cm2 (50% of surface Si atom density) even in the case of
a closely packed molecular layer54; the low density of elec-
trically active interface states, DS < 10
11 eV1 cm2, found
in this study thus requires that (1) the Si dangling bonds are
fully passivated by the hydrogenation process and (2)
that the Si-H bonding is not disrupted by the grafting process
of 1-alkene molecules. However, ageing in air affects the
midgap density which typically rises to the high
1011 eV1.cm2 range; future work might address the role of
molecular coverage in the kinetics of this oxidation reaction.
Finally, considering Eq. (4), an apparent discrepancy
can be noticed between the large ideality factor value
(n¼ 1.46 at 293 K) found in this work and the small density
of interface states (DS< 10
11 eV1.cm2) obtained in the
same bias range. Thus, another origin for high n values must
exist, e.g., barrier height inhomogeneities (due either to
dipoles or charged interface traps) or tunnel barrier thickness
inhomogeneities may contribute to the large apparent n val-
ues found in this work. This interpretation of high n values is
supported by the discrepancy between the barrier heights
obtained from C(V) and I(V) characteristics, as shown by
modelling studies.38–40
V. CONCLUSION
Electrical transport mechanisms in rectifying Hg//
C12H25 – n Si(111) junctions with nanometer thick molecular
insulator have been investigated using the temperature
dependence of current density J(V, T) and admittance Y(V, T,
x) characteristics. With low doped n–type silicon, J(V) char-
acteristics show a strong rectification (R 
 106) with a limi-
tation of the current by the tunnel barrier and series
resistance in the forward bias regime. The carrier dynamics
in the MIS tunnel junction (tunnel and thermionic emission
barriers, interface traps) has been investigated using a fre-
quency response analysis (102-107 Hz). At room tempera-
ture, the device response time sR covers seven decades (1 to
FIG. 8. (Color online) Energy dependence of the density of interface states
DSðEC  ETÞ derived from the low-high frequency capacitance (black trian-
gles) and from simulations using the Gomila-Rubi model (red squares).
FIG. 9. (Color online) Tunnel junction response time: experimental values
at 293 K (circles) and simulation taking into account the experimental J(V)
and variable density of interface states DS from 1 1010 to 3 1012 eV1
cm2 (lines: Gomila model26).
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107 s) as the applied bias is swept from depletion to near
flat band voltage VFB.
The voltage partition over the junction was obtained
from J(V, T) characteristics, with an excellent fitting over the
full bias range corresponding to a current variation over eight
decades. This work shows that the temperature dependence
of the effective barrier height in the thermionic emission re-
gime is crucial to obtain accurate values of barrier height,
UB, in the SC and tunnel attenuation factor, expðb0dTÞ. We
argue that b0 values derived from the temperature depend-
ence of J(V) in rectifying devices are more reliable than b0
derived from length dependence analysis. Complementary
studies with different molecular layers are currently per-
formed. The low tunnel barrier height UT ¼ 0:51 eV could
result from the neglected image charge effects. The low
value of the fitted current density prefactor, G0, reveals the
role of tunneling selection rules in MIS junctions. However,
the assumptions used to derive the current density prefactor
in the Simmons model have been revisited recently19 and
deserve more detailed investigation.
The density distribution of defects localized at the
C12H25 – n Si interface has been deduced from admittance
data (low-high frequency method) and from a simulation of
the response time sRðVÞ using Gomila’s model for a non
equilibrium tunnel junction. This preliminary study shows
that DS values derived from the low-high frequency method
are overestimated for large dc currents in thin tunnel MIS
junctions; more accurate values require further simulations,
e.g., using the Gomila-Rubi model.25,26
The low density of electrically active defects near mid-
gap (DS< 2 1011 eV1 cm2) indicates a good passivation
of dangling bonds at the dodecyl—n Si interface. Future
improvement of molecular tunnel junction devices will
require a better control of lateral homogeneity of the molecu-
lar layer.
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